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(57) ABSTRACT

An implementation of a system and method for using 1nertial
sensor data to improve mobile station positioning 1s provided.
Many mobile devices include an inertial sensor. These nertia
measurements typically produce low resolution inertial mea-
surements, which may be used to generate an uncertainty
value and/or to select a positioning filter model. In some
examples, this uncertainty value 1s used as a process noise
input signal into a Kalman filter or similar filter. In some
examples, one position estimate 1s selected from multiple
navigation position filter models operating concurrently, each
computing a separate position estimate. In these examples, a
position estimate 1s selected based on either the uncertainty
value or based on another characteristic of the inertia mea-
surements.

33 Claims, 11 Drawing Sheets
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USE OF INERTIAL SENSOR DATA TO
IMPROVE MOBILE STATION POSITIONING

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This disclosure relates to positioning systems and, more
particularly, to the computation of position solutions for
mobile receivers.

2. Background of the Invention

The Global Positioning System (GPS) 1s a satellite navi-
gation system, or satellite positioning system, designed to
provide position, velocity and time information almost any-
where 1n the world. GPS was developed by the Unites States
Department of Defense, and currently includes a constella-
tion of twenty-four operational satellites. Other types of sat-
cllite navigation systems 1nclude the Wide Area Augmenta-
tion System (WAAS), the Global Navigation Satellite System
(GLONASS) deployed by the Russian Federation, and the
Galileo system planned by the European Union. As used
herein, “satellite positioning system” (SPS) will be under-
stood to refer to GPS, Galileo, GLONASS, NAVSTAR,
GNSS, a system that uses satellites from a combination of
these systems, pseudolite systems, or any SPS developed in
the future. A pseudolite system (from pseudo-satellite) refers
to a non-satellite system that performs or appears as an SPS
satellite system, such as by using ground-based transmitter to
create GPS signals.

A variety of receivers have been designed to decode the
signals transmitted from the satellites to determine position,
velocity or time. In general, to decipher the signals and com-
pute a final position, a recetver must acquire signals from
satellites 1n view, measure and track the received signals, and
recover navigational data from the signals. By accurately
measuring the distance from three different satellites, the
receiver triangulates 1ts position (1.e., solves for a latitude,
longitude and altitude). In particular, the receiver computes
distances to satellites by measuring the time required for each
signal to travel from the respective satellite to the recerver.
This computation requires precise time mnformation. For this
reason, measurements from a fourth satellite help to resolve
time and measurement errors (€.g., errors created by 1naccu-
racies of timing circuits within the receiver).

In certain locations (e.g., urban environments with tall
buildings), a receiver may be able to acquire signals from only
three or fewer satellites. In these situations, the receiver will
be unable to resolve all four variables of the position solution:
latitude, longitude, altitude and time. I1 the receiver 1s able to
acquire signals from only three satellites, the receiver may
forego an altitude calculation to resolve latitude, longitude
and time. Alternately, 11 altitude 1s obtained via an alternate
means, all four variables may be resolved from three satellite
signals. If fewer than three signals are available, the receiver
may be unable to calculate 1ts position.

To address this limitation, some receivers employ a hybrid
location technology. These hybrid receivers utilize signals
from both the base stations and available signals from GPS
satellites to resolve the position and time variables. As with
satellite signals, a hybrid-location receiver measures the time
delay of a wireless signal from a base station 1n order to
compute a distance to that base station. This hybrid-location
technique often allows a receiver to compute a position solu-
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tion 1n a wide variety of locations where conventional posi-
tioning techniques using only satellite signals would other-
wise fail. In code division multiple access (CDMA) mobile
wireless systems, for example, this hybrid technique of mea-
suring time delays and computing distances to both base
stations and satellites 1s referred to as Advanced Forward
Link Trlateration (AFLT).

Clock precision and accuracy within a receiver affects the
resulting accuracy of a location solution. In synchronized
systems, such as existing CDMA systems, the timing infor-
mation communicated by a cellular base stations 1s synchro-
nized with the timing information from the GPS satellites,
which allows precise time to be available throughout the
system. In some systems, such as the Global System for
Mobile Communications (GSM) cellular system, timing
information 1s not synchronized between the base stations
and the GPS satellites. In these systems, Location Measure-
ment Units (LMUSs) are added to the existing infrastructure to
provide precise timing information for the wireless network.

To determine a current position of a mobile station, motion
of the mobile station may be modeled (using, for example,
past positional measurements) 1n order to estimate the current
velocity (or a range of potential velocities) of the mobile
station. Map information, which places the mobile station on
a street or ighway, which 1s oriented 1n a known direction,
may also be used to model the current velocity of the mobile
station. Filtering methods can further enhance this trajectory
estimation technique. A Kalman filter 1s one filtering method
that adaptively tracks the mobile station’s trajectory to predict
its dynamic state 1n terms of speed and position. The Kalman
filter recursively finds solutions for a least-squares problem
and may be used to estimation of past, present, and even
future positions. A Kalman filter, extended Kalman filter, or
other least-mean-square filter 1s also useful when a model of
user movement 1s uncertain.

Some position determimng systems use a positioning filter,
such as a Kalman filter, For example, U.S. Publ. No. 2007/
0205941 (published Sep. 6, 2008 and titled “Method for
position determination with measurement stitching” to Riley,
which 1s 1ncorporated by reference herein) describes deter-
mining a position estimate of a mobile communication device
based on an updated positioning filter.

A Kalman filter (KF) 1s an optimal recursive data estima-
tion algorithm. It 1s frequently used to model attributes of
moving entities such as aircrait, people, vehicles, etc. These
attributes can include acceleration, velocity and/or position.
The positioning filter algorithm uses a current state of the
system and a current measurement to estimate a new state of
the system. In practice, a Kalman filter combines all available
measurement data and prior knowledge about the system,
measuring devices, and error statistics to produce an estimate
of the desired variables in such a manner that the error 1s
statistically minimized.

In some positioming algorithms, a mobile station deter-
mines its position by modeling an expected motion of the
mobile station. A positioning filter, such as a Kalman filter,
may assume a movement parameter as constant. For example,
the movement parameter may set the user velocity, user speed
or user turn radius to a constant value. These models may
allow deviation from an expected motion model. In the case
of a Kalman filter, the expected amount of deviation from the
expected motion model 1s enabled via process noise. Simi-
larly, position domain filters may have some estimated
change of user velocity as well. Unfortunately, the choice of
how much variation from the expected user motion model to
use, and even what user motion model to use often must be
made well in advance, and without any external knowledge of
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the actual user motion, aside from the GPS measurements
themselves. This leaves the models somewhat conservative
and sub-optimal.

Accordingly, a need remains to improve the position deter-
minming capabilities of mobile communications devices and to
do so 1n a timely and efficient way.

SUMMARY

Some embodiments of the present invention provide for a
mobile station comprising: an inertial sensor, wherein the
inertial sensor provides inertia measurements; mertia mea-
surement processor coupled to the inertial sensor to accept the
inertia measurements and to determine an uncertainty based
on the 1nertia measurements; and navigation position filter
coupled to the 1nertia measurement processor to receive the
uncertainty and to determine a position estimate based on the
uncertainty, wherein the navigation position filter comprises a
first position filter model to compute a first position estimate
base on the uncertainty.

Some embodiments of the present invention provide for a
method to produce a position of a mobile station, the method
comprising: measuring inertia using an 1ertial sensor to pro-
vide mertia measurements; determining an uncertainty based
on the inertia measurements; and computing a first position
estimate base on the uncertainty using a first position filter
model.

Some embodiments of the present invention provide for a
mobile station comprising: a means for measuring inertia
using an inertial sensor to provide inertia measurements; a
means for determining an uncertainty based on the inertia
measurements; and a means for computing a first position
estimate base on the uncertainty using a first position filter
model.

Some embodiments of the present invention provide for a
mobile station comprising a processor and memory wherein
the memory includes soitware istructions to: measure inertia
using an 1inertial sensor to provide inertia measurements;
determine an uncertainty based on the inertia measurements;
and compute a {irst position estimate base on the uncertainty
using a first position filter model.

Some embodiments of the present invention provide for a
computer-readable medium including program code stored
thereon, comprising program code to: measure nertia using,
an inertial sensor to provide mertia measurements; determine
an uncertainty based on the 1mertia measurements; and com-
pute a {irst position estimate base on the uncertainty using a
first position filter model.

Some embodiments of the present invention provide for a
mobile station comprising: an inertial sensor, wherein the
inertial sensor provides inertia measurements; mertia mea-
surement processor coupled to the inertial sensor to accept the
inertia measurements and to determine an uncertainty based
on the 1nertia measurements; navigation position filter
coupled to the 1nertia measurement processor to receive the
uncertainty and to determine a position estimate based on the
uncertainty, wherein the navigation position filter comprises a
first position filter model to compute a first position estimate
base on the uncertainty and a second position filter model to
compute a second position estimate base on the uncertainty;
and switch comprising a first input port for the first position
estimate, a second input port for the second position estimate,
a control iput port coupled to a characteristic of the nertia
measurements, and an output port selectable by the control
input port.
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These and other aspects, features and advantages of the
invention will be apparent from reference to the embodiments
described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be described, by way of
example only, with reference to the drawings.

FIG. 1 shows a mobile station (MS) 100 receiving signals
from two positioning satellites 90.

FIG. 2 shows a block diagram of a mobile station including,
a GNSS receiver and an inertial sensor to determine a change
1n position.

FIGS. 3 and 4 each show a block diagram of a mobile
station 1ncluding a GNSS receiver and an 1nertial sensor to
determine an uncertainty, in accordance with embodiments of
the present invention.

FIGS. SA-D show various forms of an inertial sensor, in
accordance with embodiments of the present invention.

FIGS. 6A-D show various forms of an inertial measure-
ment processor, i accordance with embodiments of the
present invention.

FIG. 7 charts an inertia verses an uncertainty, in accordance
with embodiments of the present invention.

FIG. 8 shows a block diagram of a navigation position
filter, 1n accordance with embodiments of the present mnven-
tion.

FIGS. 9 and 10 show block diagrams of a various naviga-
tion position filters containing multiple models, 1 accor-
dance with embodiments of the present invention.

FIG. 11 shows a flow chart of a method to produce a
position of a mobile station based on an uncertainty, 1n accor-
dance with embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, reference 1s made to the
accompanying drawings, which illustrate several embodi-
ments of the present mvention. It 1s understood that other
embodiments may be utilized and mechanical, composi-
tional, structural, electrical, and operational changes may be
made without departing from the spirit and scope of the
present disclosure. The following detailed description 1s not
to be taken 1n a limiting sense. Furthermore, some portions of
the detailed description that follows are presented in terms of
procedures, steps, logic blocks, processing, and other sym-
bolic representations of operations on data bits that can be
performed 1n electronic circuitry or on computer memory. A
procedure, computer executed step, logic block, process, etc.,
are here concerved to be a seli-consistent sequence of steps or
instructions leading to a desired result. The steps are those
utilizing physical manipulations of physical quantities. These
quantities can take the form of electrical, magnetic, or radio
signals capable of being stored, transtferred, combined, com-
pared, and otherwise manipulated in electronic circuitry or in
a computer system. These signals may be referred to at times
as bits, values, elements, symbols, characters, terms, num-
bers, or the like. Each step may be performed by hardware,
software, firmware, or combinations thereof.

Some navigation positiomng methods use a single model
to determine a position ol a mobile station. The model uses a
history of past motion as well as an assumption of what type
of motion 1s expected. Unfortunately, such assumptions 1nac-
curately model a typical mobile station undergoing real-life
movement. During one duration, the mobile station may be
with a user walking while during another duration, the mobile
station may be with a user traveling on a highway.
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Some models combine GPS position tracking with 1nertial
navigation systems (INS) tracking. In a GPS/INS system, an
INS position estimate 1s computed based on inertial measure-
ments from 1nertial sensors such as from accelerometers and/
or gyrometers. Because of drift inherent with inertial sensors, 5
inertial sensors can only provide an accurate solution for a
short period of time. When available, a GPS position fix may
be used to re-calibrate these 1nertial sensors.

Existing GPS/INS system, such as in fighter aircrait, use
highly accurate and expensive inertial sensors. Unfortunately, 10
the quality of mexpensive inertial sensor parts (e.g., those
readily available on mobile stations for camera 1image stabi-
lization or for gaming purposes such as MEMS accelerom-
cters and MEMS gyrometers) offer poor quality inadequate
for use 1n traditional GPS/INS systems. 15

Embodiments of the present invention use lower quality
inertial sensors, such as MEMS devices, to estimate a quan-
tity or characteristic of motion the mobile station 1s experi-
encing. The quantity of motion measurement indicates which
user motion model to select, and may also be used to set an 20
uncertainty (e.g., variation or process noise) to be used as an
input parameter for the selected model. The uncertainty value
may represent an uncertainty of a user’s movement intentions
and/or an uncertainty 1n the model. By using inertial mea-
surements to select a model and/or using 1nertial measure- 25
ments to set an uncertainty input parameter, the model may
more accurately determine a user’s position. The model may
be represented by a navigation position filter, such as a Kal-
man {ilter.

FIG. 1 shows a mobile station (MS) 100 receiving signals 30
from two positioning satellites 90. A mobile station 100 may
take the form of any one of a variety of mobile receivers
capable of receiving navigation signals (e.g., satellite naviga-
tion signals 95 or wireless communication signals 85) from
reference stations such as satellite vehicles 90 and/or from 35
base stations 80, for computing a position solution. A mobile
station 100 may also be called a mobile station, a mobile unit,

a mobile phone, a handheld navigation receiver, a recerver
mounted within a vehicle, such as an airplane, automobile,
truck, tank, ship, and the like. A base station 80 may commu- 40
nicate with a mobile station 100 via any one of a number of
wireless communication protocols 1n a synchronous environ-
ment. One common wireless communication protocol 1s code
division multiple access (CDMA) 1n which multiple commu-
nications are simultaneously conducted over a radio-fre- 45
quency (RF) spectrum. In a CDMA environment, the tech-
niques may be viewed as a mechanism for enhanced
Advanced Forward Link Trlateration (AFLT). Other
examples include Global System for Mobile Communica-
tions (GSM), which uses narrowband time-division multiple 50
access (1 DMA) for communicating data, and General Packet
Radio Service (GPRS). In some embodiments, a mobile sta-
tion 100 may integrate together a GPS recerver and a wireless
communication device for voice or data communication.
Thus, although the specific example of a GPS system may be 55
described within this document, the principles and techniques

of the present invention are applicable to any satellite posi-
tioning system or terrestrial positioning system such as a
wireless network.

A mobile station 100 employs techniques to compute a 60
positioning solution based on satellite signals 95 and wireless
communication signals 835 recewved from satellites 90 and
base stations 80, respectively. A mobile station 100 acquires
signals 95 from satellites 90 1n view, and measures distance
from each satellite by measuring the time required for each 65
signal to travel from the respective satellite to the mobile
station 100 1n order to determine pseudo-ranging measure-

6

ment. Similarly, the mobile station 100 may also receive
signals 85 from base stations 80 of wireless communication
system 70, and measures distances from base stations 80
based on the time required for each wireless signal to travel
from the base stations to the mobile station 100. The mobile
station 100 typically resolves position and time variables
based on these measurements.

FIG. 1B depicts a block diagram of portions of a mobile
communications device (mobile station 100), in accordance
with the principles of the mvention. As shown, the mobile
station 100 includes an antenna 121 configured to receive
signals from a satellite navigation system or satellite position-
ing system. The mobile station 100 also 1includes an antenna
171 configured to recetve signals from a terrestrial commu-
nications network. These signals are received by respective
receivers (GNSS recerver 120 and mobile radio recerver 170)
and provided as input measurements to a processor 150. The
processor 150 includes both software and hardware compo-
nents to provide signal processing functionality with respect
to the signals.

Of particular interest, a position navigation filter 140 (e.g.,
a Kalman filter), associated with or as part of the processor
150, assists with the position determining functions of the
mobile station 100. A positioning navigation filter 140
receives mput measurements and implements an algorithm
for estimating desired variables based on the input measure-
ments and the historical state of the system. A memory 155 1s
often utilized to store state estimates and covariance matrix
values for the Kalman filter. The covaniance matrix values
provide a measure of error, or certainty, of the state estimates
provided by the Kalman filter.

The mobile station 100 may be, for example, a cellular
telephone or similar mobile communications device. Accord-
ingly, there are additional functional blocks and devices
which are part of the mobile station 100 that are not depicted
in FIG. 1B. These additional blocks and/or devices typically
relate to: (1) processing signals received from the antennas
171 and 212; (2) providing a user interface; (3) providing
speech communications; and (4) providing data communica-
tions and other similar capabilities. Many of these functional
blocks and devices are not directly related to position deter-
mination and, therefore, are not included so as not to obscure
the principles of the present invention.

Si1gnals 95 are typically received from satellite vehicles 90
via the antenna 121. These signals 95 are then decoded and
processed 1nto position mnformation using well known algo-
rithms and techniques. In the past, signals 95 from at least
three satellite vehicles were required during a single measure-
ment epoch 1n order to generate a position fix, using a
weilghted least squares (WLS) model, that could be used to
initialize a Kalman filter. Once the Kalman filter 1s in1tialized,
then the Kalman filter continues producing position estimates
based on later occurring GPS measurements.

FIG. 2 shows a block diagram of a mobile station including,
a GNSS recetver and an inertial sensor to determine a change
in position. The mobile station 100 includes a high accuracy
inertial sensor 110", an 1nertial measurement processor 115, a
GNSS recerwver 120 and a navigation position filter 140. A
high accuracy inertial sensor 110' provides accurate 3-dimen-
sional (3-D) inertia measurements at 4 bits or greater for each
dimension. A position estimate may be based on signals from
the GNSS recetver 120 and the inertial sensor 110'. When
satellite signals 95 are available, the GNSS recerver 120 pro-
vides GNSS position information to the navigation position
filter 140. The 1nertial sensor 110' provides 1nertia measure-
ment to the inertial measurement processor 115. The 1nertial
measurement processor 115 integrates the inertia measure-
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ment to determine a change 1n position, which 1s provided to
the navigation position filter 140. When suificient satellite
signals 95 are available from the GNSS receiwver 120, the
navigation position filter 140 may use just GNSS position
information or may weight GNSS position nformation
higher than inertia measurements when determining a posi-
tion estimate. When satellite signals 95 are insuificient or
unavailable, the navigation position filter 140 may use only
the change 1n position information determined by the 1nertial
measurement processor 115 based on the inertia measure-
ments from the nertial sensor 110'.

For useful position changes estimates from the inertial
measurement processor 115, the inertial sensor 110" must
provide high accuracy and high quality inertia measurements.
Unfortunately, many mobile devices do not have high accu-
racy inertial sensors. In such a device with a low accuracy
inertial sensor, an inertial measurement processor 115 1s
unable to integrate and produce useful change in position
values. Thus, mobile devices having low accuracy sensors
may not be used to implement the structure shown in FIG. 2.

Inertial sensor data (e.g. from inexpensive parts already on
a mobile station for use 1n camera 1mage stabilization and
gaming) may be monitored to determine how measurements
vary. If outputs are very stable, 1t 1s reasonable to assume that
the user 1s either static, or 1s moving very smoothly, and so the
amount of process noise added can be sately chosen to be a
much smaller than normal amount. As the outputs from iner-
tial sensors begins to vary more, the mobile station 1s more
likely to be i motion and/or accelerating off a simple
straight-line path, so the positioning calculations should exit
static mode, and use more and more process noise, to allow
for the possibly higher changes 1n user acceleration. During
an 1nitial warm-up period, the GNSS position information 1s
not available yet. By varying the process noise in a navigation
position filter based on the amount of user motion, tracking,
could be much smoother than it 1s today during static or
smooth driving conditions.

FIGS. 3 and 4 each show a block diagram of a mobile
station including a GNSS receiver and an 1nertial sensor to
determine an uncertainty, in accordance with embodiments of
the present invention.

In FIG. 3, the mobile station 100 includes a low accuracy
inertial sensor 110 rather than a high accuracy inertial sensor
110'. The 1nertial sensor 110 acts as a means for measuring
inertia and to providing inertia measurements. The mobile
station 100 also includes an 1nertial measurement processor
130, aGNSS recerver 120 and a navigation position filter 140.
The inertial measurement processor 130 and the navigation
position filter 140 may be software routines executing on a
processor 150. These routines may be stored on a computer-
readable medium as program code. Furthermore, the 1nertial
measurement processor 130 acts as a means for determining,
an uncertainty based on the inertia measurements and the
navigation position filter 140 acts as a means for computing a
first position estimate base on the uncertainty. If the inertia
measurements indicate a great change 1n acceleration, then
the mobile device 100 1s moving, accelerating and/or decel-
erating, therefore the process noise 1s set to a higher value. On
the other hand, 1t the 1nertia measurements indicate no or low
acceleration (when gravity 1s removed), then the mobile
device 100 1s either moving 1n a straight line or not moving,
therefore, the process noise 1s set to a lower value.

A position estimate may be based on signals from the
GNSS recerver 120 and the nertial sensor 110. The inertial
sensor 110 1s relatively mexpensive and unable to provide
accurate 3-dimensional (3-D) 1nertia measurements. Instead,
the inertial sensor 110 provides coarse 1-D, 2-D or 3-D inertia

10

15

20

25

30

35

40

45

50

55

60

65

8

measurements. For each dimension, the sensor provides
coarse measurements at 1, 2 or 3 bits of accuracy. A 1-bit
inertia measurement indicates one of two levels of motion:
either motion or no-motion. A 2-bit inertia measurement indi-
cates one of three levels of motion or no-motion. A 3-bit
inertia measurement indicates one of seven levels of motion
or no-motion. Each level of motion in each dimension, a first
bit (of a one-, two- or three-bit sensor) may be use to indicate
a direction of movement and any remaining bits may indicate
a magnitude ol movement.

The inertial sensor 110 sends low accuracy inertia mea-
surements to the mnertial measurement processor 130. Instead
ol integrating the inertia measurements and generating a
change 1n position, the mertial measurement processor 115
determines a position uncertainty parameter (referred to as
process noise) based on the inertia measurements. For
example, the mertial measurement processor 115 may trans-
late single dimension 2-bit inertia measurements (e.g., “00”
represents no movement, “01” represents low 1nertia or light
movement, “10” represents medium inertia or a medium level
of movement, and “11” represents high 1nertia or high move-
ment) mto four levels of uncertainty (no uncertainty, low
uncertainty, medium uncertainty and high uncertainty). Alter-
natively, the 1nertial measurement processor 130 may accept
more bits of inertia measurements (e.g., additional dimen-
sions or additional bits per dimension) and may quantize
these measurements into a two, three or four levels of discrete
uncertainty values. The 1inertial measurement processor 130
may reduce an uncertainty value when only gravity’s constant
acceleration 1s detected and increase the uncertainty value
when acceleration varies. Based on GNSS position informa-
tion (if available) and the uncertainty value, the navigation
position filter 140 computes a position estimate. As such,
inertia measurements from the inertial sensors are not inte-
grated to compute a change in position but rather used to set
an uncertainty value or process noise.

When sullicient satellite signals 95 are available from the
GNSS recerver 120, the navigation position filter 140 may use
just GNSS position information or may weight GNSS posi-
tion information higher than inertia measurements when
determining a position estimate. When satellite signals 95 are
insuificient or unavailable, the navigation position filter 140
may use the uncertainty level to estimate or predict a change
1in position or a next position.

In FIG. 4, amobile station 100 1s shown 1n more detail. The
mobile station 100 includes a bus and interfaces among an
inertial sensor 110, a GNSS receiver 120, a processor 150 and
memory 160. The inertial sensor 110 may be coupled to a
common bus or coupled to a dedicated port on the processor
150. Similarly, the GNSS recerver 120 may also be coupled to
the common bus or coupled to a dedicated port on the pro-
cessor 150. The processor 150 includes a first module (an
inertia measurement processor 130) and a second module (a
navigation position filter 140) each which may be software
executing on the processor 150. The memory 160 includes
stored values including inertia measurements 160A, a posi-
tion uncertainty value 160B and one or more position esti-
mates 160C.

FIGS. 5A-D show various forms of an inertial sensor, in
accordance with embodiments of the present invention. In
FIG. 5A, the inertial sensor 110 includes a 3-D accelerometer
112 providing 3-dimensional (3-D) linear acceleration mea-
surements 1n an (X,Y,7Z) coordinate system relative to a
mobile station reference system. In FIG. 5B, inertial sensor
110 includes a 3-D gyrometer 114 providing 3-D angular
acceleration measurements in a (©,0,9) coordinate system
relative to a mobile station reference system, where @ 1ndi-
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cates roll or bank, ® indicates pitch or elevation, and W
indicates yaw or heading relative to north. In FIG. 5C, the
inertial sensor 110 includes both a 3-D accelerometer 112
providing 3-D linear acceleration measurements and a 3-D
gyrometer 114 providing 3-D angular acceleration measure-
ments. In FIG. 5D, the inertial sensor 110 includes a tilt
sensor 160. The tilt sensor 116 provides 1 or 2 bits of tilt
information per axis. For example, a tilt sensor 116 may
provide a single bit measurement value indicating if the
mobile device 100 1s generally facing upwards or downwards.
Some 1nertial sensors 110 provide one or more of linear
acceleration measurements, angular acceleration measure-
ments and tilt sensor measurements. Each of the measure-
ments above provides a minimum of 1 bit along at least one
ax1is but may provide 1, 2 or 3 bits of information for 1,2 or 3
dimensions.

FIGS. 6 A-D show various forms of an inertial measure-
ment processor, in accordance with embodiments of the
present invention. In FIG. 6A, the mertial measurement pro-
cessor 130 includes memory 160A to bulfer inertia measure-
ments and a single channel variance module 132. The single
channel variance module 132 uses the buffered iertia mea-
surements to compute an uncertainty value. The single chan-
nel variance module 132 determines a variance of the inertia
measurements along a single axis. The 1inertia measurements
are treated as a random varniable X with an expected value
(mean) u=E[X]. The variance of X 1s given by Var(X)=E[(X -
u)*]. In the simplest form, the variance of X is given by
Var(X)=2(x,)*/N for N samples X, X;, . . . , Xr., Where L is
assumed to be zero. Based on the computed variance over a
period (e.g., period=N), an uncertainty value 1s set. The
uncertainty may be the computed variance itself or will be
directly determined from this computed variance. In some
embodiments, the resulting uncertainty value 1s a linear trans-
lation from the computed variance. In other embodiments, the
resulting uncertainty value 1s a quantized value from the
computed variance.

In FIG. 6B, the inertial measurement processor 130
includes memory 160A and a multi-channel variance module
134. The multi-channel variance module 134 determines a
variance for each dimension of the inertia measurements. For
example, 11 the mertia measurements provide 3-D accelerom-
eter measurements, the multi-channel variance module 134
computes three single channel variances: Var(X), Var (Y ) and
Var(Z). The uncertainty 1s based on the computed variances.
For example, the uncertainty value may be equal to the sum of
the variances: Uncertainty=Var(X)+Var (Y )+ Var(Z). Alterna-
tively, the uncertainty value may be linearly related to the sum
of the variances: Uncertainty=k*{ Var(X)+Var (Y)+Var(Z)}.
where k 1s a predetermined constant. Alternatively, the uncer-
tainty value may be related to a maximum of the variances:
Uncertainty=k*{Max[Var(X), Var (Y), Var(Z)]}.

In FIG. 6C, the resulting uncertainty value may be further
parsed by quantizing it into two, three or four discrete uncer-
tainty values. The 1inertial measurement processor 130
includes memory 160A and a variance module 136. The
variance module 136 determines a variance along one or more
dimensions of the inertia measurements. The resulting one or
more variance values are quantized to provide a quantized
uncertainty value. When quantizing, the variance module 136
translates discrete ranges of variance values (or combined
variance values) into a single uncertainty value representing,
cach discrete range.

In FIG. 6D, the inertial measurement processor 130
includes memory 160A and a range determination module
138. In a single dimension, the range determination module
138 determines a range of N incoming measurements {x,,
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X,,...,Xa. s represented by random variable X. For example,
Range(X)=Max(|x,l, Ix, 1, ..., X, ;). Anuncertainty valueis
set based on the Range(X). For example,

Uncertainty=k*Range(X). Alternatively, the uncertainty
value may be a quantized valued based on the Range(X).

FIG. 7 charts an 1nertia verses an uncertainty, in accordance
with embodiments of the present invention. Inertia measure-
ments may be translated from a received value of inertia or a
characteristic of the recerved value (e.g., a variance or sum of
variances) to an uncertainty value. In the linear case, an uncer-
tainty value exists for each level of inertia, as shown in the
chart by the linear uncertainty line.

In the quantized case, a range of 1nertia values are trans-
lated 1nto a common uncertainty value. The 1nertia measure-
ments recerved by the inertial measurement processor 130 are
quantized by the inertial measurement processor 130 into two
or three values. For example, measurements representing low
inertia set a low uncertainty value, measurements represent-
ing medium inertia set a medium uncertainty value, and mea-
surements representing high inertia set a high uncertainty
value, as shown 1n the chart by the quantized uncertainty
staircase. Alternatively, the inertia measurements are effec-
tively quantized if the mertia measurements represent only
one or two bits of data.

FIG. 8 shows a block diagram of a navigation position
filter, 1n accordance with embodiments of the present mven-
tion. The navigation position filter 140 implements a Kalman
filter and includes a measurement update module 142 and a
time update module 144.

The Kalman filter cycles between a time update period and
a measurement update period to find a solution for the linear
stochastic deference equation: x,=Ax, ,+Bu, +w, , with a
measurement z,=Hx, +v,, where: w, 1s assumed to be a zero-
mean, white, normally distributed random variable that rep-
resents process noise and p(w)[IN(0,QQ) where Q 1s the pro-
Cess noise covariance matrix; v, 1s an uncorrelated zero-mean
white, normally distributed random variable that represents

measurement noise and p(v)[IN(0,R) where R 1s the mea-
surement noise covariance matrix; A 1s an nxn matrix that
relates the previous position at time k-1 to the current posi-
tion at time k without the ifluence of a driving function or
process noise; u, 1s an optional control mnput; B 1s an nx1
matrix that relates the optional control input u, to the current
position; and H 1s an mxn matrix that relates the position to
the measurement z,. Typically, there 1s no control signal u,
(B=0) and matrix A 1s set based on the model selected.

In the time update module 144 and during the time update
period, the Kalman filter predicts a next position X,, in part,
based on the process noise w,_; (uncertainty) from the previ-
ous period. To project the position ahead, the a priori position
estimate X, at step k is updated using the time update equa-
tion: X,”=AX, ,+Bu,_,. where X, , is the previous estimated
position. To project the error covariance ahead, the a priori
estimated error covariance P,” 1s updated using the time
update equation: P, =AP, , A’+Q, where the a priori estimate
error covariance is P,”=E[e, e, '], the a posteriori estimate
error covariance is P,=E[e.e,”], the a priori estimated error is
e, =X,-X, , and the a posteriori estimated error 1s €,=X,-X,.

In the measurement update module 142 and during the
measurement update, the Kalman filter corrects parameters
based on position measurements. First, the Kalman gain K, 1s
computed using K, =P, "H*(HP, " H’+R)™". Second, the esti-
mated position 1s corrected with the measurement z, (GNSS
position information) using X,=X,”+K,(z,—~HX, ™). Third, the
a posteriori estimate error covariance 1s computed using P, =

(I-KH)P,™.
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Further insight to Kalman filters may be found 1in “An
Introduction to the Kalman Filter” by Greg Welch and Gary
Bishop (Technical Report TR 95-041, Department of Com-
puter Science, University of North Carolina at Chapel Hill,
Chapel Hill, N.C. 27599-3173; updated: Friday, May 23,
2003), the contents of which are incorporated by reference 1n
its entirety.

FIGS. 9 and 10 show block diagrams of a various naviga-
tion position filters containing multiple models, 1 accor-
dance with embodiments of the present invention. Each navi-
gation position filter 140 includes multiple models, a switch
146 and a quantizer 148. Each of the models recerves GINSS
position mformation (measurement z;,) and the uncertainty
(process noise w, ) and provides a separate position estimate
as an 1input to the switch 146. The switch 146 routes a selected
one of the position estimates from one of the multiple models
as an output signal best estimating the position of the mobile
device 100. The quantizer 148 may control the switch 146
based on the uncertainty or based on measurement data.

In FIG. 9, the navigation position filter includes two mod-
els: a first position filter model 202A and a second position
filter model 202B. Both the first and second position filter
models 202 recetve GNSS position mformation (measure-
ments z; ) and the uncertainty (process noise w, ). The process
noise sets a variation allowed 1n the model. Allowing for
variation (or extra motion) of model, permits the model to
deviation more. The uncertainty 1s also used to determine
which position estimate to use. For example, the first position
filter model 202 A may be more accurate when the uncertainty
1s low and the second position filter model 202B may be more
accurate when the uncertainty 1s high. The first position filter
model 202A may be more accurate when the uncertainty 1s
low and the second position filter model 202B may be include
a {irst order approximation of position based on an assump-
tion that the mobile device 100 1s 1n a car traveling a constant
speed and the second position filter model 202B may be
include a second order approximation of position based on an
assumption that the mobile device 100 1s 1n a car traveling
generally at constant speed but also allows for turns, accel-
eration and deceleration.

In the case with only two models, the quantizer 148 may be
a threshold detector. For example, the quantizer 148 may set
a switch control based on 1f the uncertainty 1s greater or less
than a predefined threshold. Both position filter models 202
may recerve updated measurement and uncertainty data even
though only one of the two 1s supplying a position estimate at
any one time. In this way, iterative state variables are kept
current and each position estimate 1s ready to use.

In FIG. 10, the navigation position {ilter includes four
models: a first position filter model (zero-velocity model
204A); a second position filter model (position-velocity PV
filter 204B); a third position filter model (Kalman filter with
constant curvature model 204C); and a fourth position filter
model (Kalman filter with constant velocity model 204D).
Each model 204 1s shown receiving both the GNSS position
information (measurements z,) and the uncertainty (process
noise w,). Of course, if a model does not require an uncer-
tainty value, that module does not need to recerve the unused
parameter. Based on a characteristic of the uncertainty (e.g.,
magnitude or variance over time), the navigation position
filter 140 uses a particular one of the multiple models 204. For
example, if the quantizer 148 recerves an uncertainty under a
first threshold, the quantizer 148 provides a switch control
signal to select the zero-velocity model 204 A, 1f the quantizer
148 recerves an uncertainty above the first threshold but less
than a second threshold, the quantizer 148 provides a switch
control signal to select the PV filter 2048, and so on.
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Alternatively, the quantizer 148 recerves 1nertia measure-
ments from the inertial sensor 110 or from the inertia mea-
surement processor 130. If the inertial sensor 110 may
include both an accelerometer 112 providing linear accelera-
tion measurements and/or a gyrometer 114 providing angular
acceleration measurements. The quantizer 148 examines the
measurements to determine which model 204 to select. For
example, i all measurements are below a threshold, the zero-
velocity model 204A may provide the best position estimate.
Theretfore, the quantizer 148 will provide a switch control
signal to select the position estimate from the zero-velocity
model 204A. I the measurements suggest the mobile device
100 1s experiencing predominantly acceleration along one
axis, then the position estimate from the PV filter 204B may
be used. If the measurements indicate the mobile device 100
1s experiencing predominantly an angular acceleration, then
the position estimate from the constant curvature Kalman
filter 204C 1s used. If the measurements indicate the mobile
device 100 1s experiencing predominantly a constant velocity,
then the position estimate from the constant velocity Kalman
filter 204D 1s used. In this matter as the characteristic of a
user’s movement changes with time, the most appropnate
model 1s used and a more optimal position estimate 1s
selected.

FIG. 11 shows a flow chart of a method to produce a
position of a mobile station based on an uncertainty, 1n accor-
dance with embodiments of the present invention. At 310, the
inertial sensor 110 measures inertia experienced by the
mobile device 100 and provides mertia measurements. The
inertial sensor 110 may include an accelerometer and/or a
gyrometer and thus provide linear acceleration and/or angular
acceleration inertia measurements. At 320, an 1nertia mea-
surement processor 130 coupled to the inertial sensor 110
accepts the mertia measurements and determines an uncer-
tainty based on the imertia measurements. This uncertainty
may be based on a variance of the mertia measurements and
may be a multi-channel variance. At 330, a navigation posi-
tion filter 140 coupled to the 1mertia measurement processor
130 recerves the uncertainty and determines a position esti-
mate based on the uncertainty. The navigation position filter
140 may include a single position filter model or may include
multiple position filter models. I the navigation position filter
140 includes multiple position filter models, a best position
estimate may be selected based on the uncertainty or the
inertia measurements. In addition, a quantizer 148 may be
used to convert the uncertainty nto a switch control signal.

As described above, many mobile device 100 have a low
resolution 1nertial sensor. These low resolution 1nertia mea-
surements irom the low resolution mertial sensor may be used
to generate an uncertainty value and/or to select a positioning
filter model. In some embodiments, this uncertainty value 1s
used as a process noise input signal into a Kalman filter or
similar filter. In some embodiments, multiple navigation
position filter models operate concurrently, each computing a
position estimate. In these embodiments, a switch selects one
position estimate from the multiple navigation position filter
models based on either the uncertainty value or based on
another characteristic of the inertia measurements.

Therefore, 1t should be understood that the invention can be
practiced with modification and alteration within the spirit

and scope of the appended claims. The description 1s not
intended to be exhaustive or to limit the mmvention to the
precise form disclosed. It should be understood that the inven-
tion can be practiced with modification and alteration.




US 9,052,202 B2

13

What 1s claimed 1s:

1. A mobile station comprising:

an 1nertial sensor, wherein the imertial sensor provides 1ner-

tila measurements:

inertia measurement processor coupled to the 1nertial sen-

sor to accept the 1inertia measurements and to determine

an uncertainty based on the mnertia measurements; and

navigation position filter coupled to the 1nertia measure-

ment processor to recerve the uncertainty and to deter-

mine a position estimate based on the uncertainty,

wherein the navigation position filter comprises:

a first position filter model to compute a first position
estimate base on the uncertainty,

a second position filter model to compute a second posi-
tion estimate based on the uncertainty; and

a switch coupled to the first position filter and the second
position filer and configured to select between the first
position estimate and the second position estimate.

2. The mobile station of claim 1, wherein the 1inertial sensor
comprises an accelerometer.

3. The mobile station of claim 1, wherein the 1nertial sensor
comprises an accelerometer having a maximum of 2 bits of
resolution per axis.

4. The mobile station of claim 1, wherein the navigation
position filter further comprises a quantizer coupled to the
inertia measurement processor to recerve the uncertainty and
coupled to the switch, wherein the quantizer quantizes the
uncertainty into a maximum of four values.

5. The mobile station of claim 1, wherein the switch 1s
controlled by a signal based on the uncertainty.

6. The mobile station of claim 1, wherein the switch 1s
controlled by a signal based on the mertia measurements.

7. The mobile station of claim 1, wherein the first position
filter model comprises a zero-velocity model.

8. The mobile station of claim 1, wherein the first position
filter model comprises a position-velocity (PV) filter.

9. The mobile station of claim 1, wherein the first position
filter model comprises a Kalman filter having constant cur-
vature.

10. The mobile station of claim 1, wherein the first position
filter model comprises a Kalman filter having constant veloc-
ty.

11. The mobile station of claim 1, wherein the inertial
Sensor comprises a gyrometer.

12. The mobile station of claim 11, wherein the inertial
sensor further comprises an accelerometer.

13. The mobile station of claim 1, wherein the inertia
measurement processor determines the uncertainty based on
a variance of the mertia measurements.

14. The mobile station of claim 13, wherein the variance
comprises a multi-channel variance.

15. The mobile station of claim 13, wherein the variance
comprises a range between a maximum value of the inertia
measurements and a minimum value of the inertia measure-
ments.

16. A method to produce a position of a mobile station, the
method comprising:

measuring iertia using an inertial sensor to provide iertia

measurements;

determining an uncertainty based on the nertia measure-

ments;

computing a {irst position estimate base on the uncertainty

using a first position filter model and computing a sec-
ond position estimate based on the uncertainty using a
second position filter model; and
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switching to select the position estimate from between:
the first position estimate from the first position filter
model; and
the second position estimate from the second position
filter model.

17. The method of claim 16 wherein the mertia measure-
ments comprise measurements from an accelerometer.

18. The method of claim 16, wherein the 1nertia measure-
ments comprise measurements from a gyrometer.

19. The method of claim 16, wherein the inertia measure-
ments comprise measurements from an accelerometer having
a maximum of 2 bits of resolution per axis.

20. The method of claim 16, wherein the act of determining,
the uncertainty based on the 1nertia measurements comprises
computing a variance of the iertia measurements.

21. The method of claim 16, wherein the variance com-
prises a multi-channel variance.

22. The method of claim 16, wherein the variance com-
prises a range between a maximum value of the inertia mea-
surements and a minimum value of the inertia measurements.

23. The method of claim 16, further comprising quantizing,
the uncertainty into a maximum of four values.

24. The method of claim 16, wherein the act of switching
comprises controlling an output of a switch based on the
uncertainty.

25. The method of claim 16, wherein the first position filter
model comprises a Kalman filter having constant curvature.

26. The method of claim 16, wherein the first position filter
model comprises a Kalman filter having constant velocity.

277. The method of claim 24, wherein the first position filter
model comprises a zero-velocity model.

28. The method of claim 24, wherein the first position filter
model comprises a position-velocity (PV) filter.

29. A mobile station comprising:

means for measuring inertia using an inertial sensor to

provide mertia measurements;

means for determining an uncertainty based on the nertia

measurements:;

means for computing a first position estimate base on the

uncertainty using a {irst position filter model;

means for computing a second position estimate based on

the uncertainty using a second position filter model; and
means for switching to select the position estimate from
between:
the first position estimate from the first position filter
model; and
the second position estimate from the second position
filter model.

30. A mobile station comprising a processor and memory
wherein the memory includes software instructions to:

measure nertia using an nertial sensor to provide nertia

measurements:;

determine an uncertainty based on the inertia measure-

ments; and

compute a first position estimate base on the uncertainty

using a {irst position filter model and compute a second
position estimate based on the uncertainty using a sec-
ond position filter model; and

switch to select the position estimate form between:

the first position estimate from the first position filter
model; and

the second position estimate from the second position
filter model.

31. A computer-readable medium including program code
stored thereon, comprising program code to:

measure mertia using an nertial sensor to provide nertia

measurements:;
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determine an uncertainty based on the inertia measure-
ments;

compute a {irst position estimate base on the uncertainty
using a {irst position filter model and compute a second
position estimate based on the uncertainty using a sec-
ond position filter model; and
switch to select the position estimate from between:
the first position estimate from the first position filter
model; and

the second position estimate from the second position
filter model.

32. A mobile station comprising;:

an 1nertial sensor, wherein the mertial sensor provides 1ner-
tia measurements;

inertia measurement processor coupled to the 1mnertial sen-
sor to accept the 1inertia measurements and to determine
an uncertainty based on the mnertia measurements; and

10

15

16

navigation position filter coupled to the inertia measure-
ment processor to receive the uncertainty and to deter-
mine a position estimate based on the uncertainty,
wherein the navigation position filter comprises:

a first position filter model to compute a first position
estimate base on the uncertainty;

a second position filter model to compute a second posi-
tion estimate base on the uncertainty; and

a switch comprising a first input port for the first position
estimate,

a second mput port for the second position estimate, a
control mput port coupled to a characteristic of the iner-
t1a measurements, and an output port selectable by the
control input port.

33. The mobile station of claim 32, wherein the character-

1stic of the inertia measurements comprises the uncertainty.
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